JOURNAL OF GEOPHYSICAL RESEARCH: ATMOSPHERES, VOL. 118, 12,045-12,051, doi:10.1002/jgrd.50797, 2013

Equatorial ionosphere semiannual oscillation investigated
from Schumann resonance measurements on board

the C/NOFS satellite

Fernando Simdes,' Robert Pfaff,' Henry Freudenreich, ' Jeffrey Klenzing,1
Douglas Rowland,' Kenneth Bromund,' Larry Kepko,' Guan Le,’
Maria Carmen Liebrecht,®> Steven Martin,"** and Paulo Uribe

Received 2 October 2012; revised 19 August 2013; accepted 25 August 2013; published 12 November 2013.

[1] Detection of Schumann resonance signatures in the equatorial ionosphere offers remote
sensing capabilities for the investigation of tropospheric and space weather effects in the
ionosphere. Schumann resonances are electromagnetic oscillations in the earth-ionosphere
cavity produced by lightning activity. Analysis of AC electric field measurements gathered
by the Communications/Navigation Outage Forecasting System satellite reveals a
semiannual pattern in Schumann resonance data recorded during nighttime in the equatorial
ionosphere. This pattern observed in the Schumann resonance amplitude is expected to help
validate—or at least constrain—potential mechanisms proposed to explain the semiannual
oscillation observed in different geophysical records, such as those reported in a variety of
tropospheric, ionospheric/thermospheric, and magnetospheric observations.
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1. Introduction

[2] The dynamics of the ionosphere is driven by the solar
wind, geomagnetic activity, and in situ aeronomy processes,
as well as by forcing from below. Continuous and transient phe-
nomena influence the density of the ionosphere/thermosphere
at local and global scale, namely plasma mixing, heating, and
ionization induced by solar Extreme Ultraviolet (EUV) radia-
tion, cosmic rays, magnetospheric sources, gravity waves, tides,
and lightning. Among a variety of short- and long-term
patterns observed in the ionosphere, the semiannual variability
ofneutrals and plasma density has been known for decades but
remains poorly understood. Semiannual patterns have been
found in not only ionospheric but also tropospheric and mag-
netospheric data. On average, the density of the thermosphere
is lower during solstice; comparable variation is observed in
the O/N, ratio. A rather similar feature is identified in the
ionospheric plasma density.

[3] Seasonal variability of the F, layer electron density
peak, N,,F>, has been studied since the dawn of ionospheric
research [Appleton and Naismith, 1932]. A semiannual
periodicity is observed in not only plasma parameters but
also neutrals composition [Paetzold and Zschorner, 1961].
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The mechanism generally accepted for the F, layer seasonal
patterns involves changes in neutrals composition [Rishbeth
and Setty, 1961; Fuller-Rowell, 1998; Rishbeth et al.,
2000]. A quantitative explanation of the phenomenon must
involve both ionospheric and thermospheric processes, for
example, total EUV solar flux is responsible for ionization
and heating and induces neutral composition changes as well.
Although some features are successfully represented in
ionospheric and thermospheric empirical models such as
the International Reference Ionosphere (IRI) [Bilitza and
Reinisch, 2009] and the Mass Spectrometer and Incoherent
Scatter (MSIS) [Picone et al., 2002], a comprehensive
description of the mechanism is still lacking. A semiannual
oscillation peaking at the equinoxes is also observed in
lightning [e.g., Kandalgaonkar et al., 2005], thunderstorm
[e.g., Williams, 1994], and geomagnetic activity [e.g., Chapman
and Bartels, 1940]. Moreover, Schumann resonance spectral
signatures measured on the ground follow similar patterns
[Satori and Zieger, 1996]. Evidence of a link between the
intensity of Schumann resonance and global surface tem-
perature variability has been reported; measurements show
a strong annual variation in the Schumann resonance inten-
sity, while the semiannual component prevails in the tropics
and subtropics [Sekiguchi et al., 2006]. Additionally, Fiillekrug
and Fraser-Smith [1997] report characteristics of global
lightning activity on a seasonal time scale from ELF
magnetic field measurements. The resulting mean seasonal
variations of continental lightning in mid and tropical latitudes
are found to be related to surface temperature variations.
Stratospheric and mesospheric zonal winds show semiannual
periodicity, peaking near the stratopause [e.g., Reed, 1966].
Gravity wave kinetic energy, as well as variances in each of
the three component wind directions, shows a semiannual
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Average amplitudes of the lowest four eigenmodes of Schumann resonance as a function of LT

and DOY for longitudes corresponding to (left column) land and (right column) ocean as explained in the text.
LT is centered on midnight. The data set corresponds to about 16,500 C/NOFS orbits (May 2008—May 2011),

which correspond to conditions of low solar activity.

variation in the mesosphere with maxima and minima
during solstice and equinox, respectively [e.g., Meek et al.,
1985]. A complete description of the mechanisms responsi-
ble for the semiannual variability observed in multiple
layers of the Earth gaseous envelope, from the troposphere
to the magnetosphere, is still unavailable. Whether these
semiannual patterns are different manifestations of the
same mechanism or a mere coincidence is even more diffi-
cult to ascertain.

[4] The period of low solar activity between solar
cycles 23 and 24 offers unique conditions for investigating
space weather in the near-Earth environment, mainly aerody-
namic and electrodynamic processes in a highly contracted
atmosphere. During 2008 and 2009, solar activity reached
the lowest levels observed during the space age, offering
unprecedented stable conditions to study ionospheric and
thermospheric phenomena. In this work, we present
Extremely Low Frequency (ELF) electric field data recorded
by the Vector Electric Field Investigation (VEFI) on board
the Communications/Navigation Outage Forecasting System
(C/NOFS) satellite [de la Beaujardiere et al., 2004].
Analysis of these electric field measurements shows a
semiannual periodicity in the amplitude of Schumann reso-
nances, unveiling new techniques to investigate ionospheric/
thermospheric dynamics.

2. Schumann Resonance Measurements

[5] Schumann resonances are electromagnetic oscillations
in the earth-ionosphere cavity and are generated by lightning
activity. The normal mode frequencies (eigenfrequencies) of
order n, ,, of a lossless, thin spherical cavity can be, to a first

approximation, computed from w, = \/n(n + 1)c/R, where
c is the velocity of light in vacuum, R is the average radius of

the cavity, and n=1, 2, 3,... the corresponding order of the
mode of the cavity [e.g., Nickolaenko and Hayakawa, 2002].
Investigations of Schumann resonance have been used to
assist with the characterization of a variety of phenomena
related to atmospheric electricity, namely electromagnetic
wave propagation in the atmosphere and lightning climato-
logical studies. Detection of Schumann resonance signa-
tures in the equatorial ionosphere on board the C/NOFS
satellite provides remote sensing capabilities to investigate
atmospheric electricity and ELF wave propagation from
orbit [Simdes et al., 2011, 2012a].

[6] C/NOFS was launched in April 2008 and inserted into
an elliptical orbit of 401 km perigee, 852 km apogee, and 13°
inclination, and includes instrumentation for measuring the
electron and ion densities and temperatures, DC electric
and magnetic fields, the ion velocity and lightning flash rates,
and low-frequency electric field waves. The period of the
C/NOFS orbit is about 95 min and the apogee has been slowly
decreasing over time. The satellite is equipped with a vector
double probe experiment with three, orthogonal pairs of
20m tip-to-tip booms [Pfaff et al., 2010]. The broadband
ELF electric field waveforms are recorded at 512 samples/s
with 16 bit analog to digital converters and are then
telemetered to the ground where they may subsequently
undergo spectral processing and rotation into different coordi-
nate systems. Sometimes only one of those components is
available due to telemetry constraints. In this study, we use
component E34, which is gathered more often and hence pro-
vides a robust data set. (The E34 component corresponds to
the electric field component between spheres 3 and 4 and is
located in the orbital plane and is roughly perpendicular to
the ambient magnetic field.) Since Schumann resonance detec-
tion is most conspicuous in the nighttime data, in this study, we
exclude the period 5-19 Local Time (LT) from our analysis.
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Figure 2. Total electron content, represented by TECh and computed with the IRI empirical model from
May 2008 to May 2011 at the position of C/NOFS, whenever ELF data are available, is shown as a function
of LT and DOY in the top panel on the left. See text for the definition of TECh. The top panel (right) rep-
resents the TECh averaged over DOY. The red and black curves in the bottom panel represent mean TECh
computed over 024 LT and 19-5 LT, respectively, as a function of DOY. Some vertical narrow features
seen in the bottom panel as well as in the map, e.g., near days 40—50 and 200, correspond to uneven distri-
bution of the ELF data set. The dashed lines are obtained after applying a Savitzky-Golay smoothing filter.

[7] Figure 1 shows the lowest four modes of the Schumann
resonance amplitude over land and sea, averaged from May
2008 to May 2011, as a function of LT and Day of Year
(DOY). Given the low inclination of C/NOFS, all longitudes
and local times are evenly covered throughout the mission.
To a first approximation, the longitude sectors (0°-55°,
95°-165°, 280°-330°, 355°-360°) and (55°-95°, 165°-280°,
330°-355°) correspond to land and ocean, respectively.
The main features revealed by the average Schumann
resonance spectral signatures shown in this Figure include
(1) presence of a semiannual pattern, (ii) largest amplitudes
during northern summer solstice, (iii) significantly larger
amplitude in the postmidnight sector, (iv) amplitude
generally decreasing with the cavity mode—slight increase
in the amplitudes in mode 4 compared to mode 3 is an
exception, and (v) similar amplitude variability through
DOY for all modes; and (vi) similar amplitude over the land
and ocean sectors.

3. Discussion

[s] Detection of Schumann resonance signatures in the
ionosphere offers remote sensing capabilities to investigate
not only lightning climatology but also ionosphere variability.
Combining ground-based and satellite measurements, we
can study ELF electromagnetic oscillations in the earth-
ionosphere cavity as well as wave attenuation in the iono-
sphere. Since the wavelength associated with Schumann
resonance phenomena is commensurate with the size of
the cavity, these ELF spectral features can be used to assess

atmospheric and ionospheric properties at a regional
and global scale. Thus, analysis of VEFI data may help
validate—or at least constrain—the various mechanisms
proposed to explain the semiannual periodicity observed
in several types of geophysical records.

[9] To contrast ionospheric and thermospheric para-
meterizations with Schumann resonance measurements
made by VEFI in the equatorial ionosphere, we evaluate
relevant parameters of the IRI and MSIS empirical models
at the location of the satellite throughout the mission, with
a 10 min resolution. Since the electromagnetic source is
located in the troposphere and the amplitude of Schumann res-
onance is directly linked to properties of the ionosphere as
well as distance to the source, we use TECh instead of the
Total Electron Content (TEC) to provide a more suitable
comparison with VEFI measurements. TECh defines the
electron content present in a vertical column integrated
from the ground up to the altitude of the satellite, i.e., a
major fraction of TEC. It is important to mention that
the ELF data set is not strictly continuous in the time
span considered, but data gaps do not weaken the quality
of the analysis.

[10] To compare Schumann resonance amplitude with
ionospheric and thermospheric characteristics, we compute
the average TECh from IRI at the satellite location as a func-
tion of DOY and LT, as shown in Figure 2 for the period from
May 2008 to May 2011. Averages of TECh for two LT
periods (0-24 and 19-5h) as a function of DOY are also
provided to emphasize key features, namely the semiannual
variability and the day-night dichotomy.
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Figure 3. Average area number density of atomic oxygen (n,O, red/dashed curve) and nitrogen (naN, blue/
dotted curve) as well as area density of neutrals (pa, green/solid curve) computed with the MSIS empirical
model. Number density is integrated over a column extending from the ground up to the altitude of the
satellite, whenever ELF data are available. In addition to the prominent semiannual pattern, smaller features
(e.g., ~25 day periodicity) seen in n,O and naN are caused by the C/NOFS perigee precession through
latitude as well as due to a minor uneven distribution of the ELF data set during the time span considered.

[11] The average area number density of atomic oxygen
(nAO) and nitrogen (npN), as well as area mass density of
neutrals (p,), integrated from the ground up to the altitude
of the satellite using the MSIS empirical model, is shown in
Figure 3, in a presentation similar to the lower panels of
Figure 2. This integration aims to identify a possible cumula-
tive effect of neutral density in electromagnetic wave attenu-
ation possibly related to its connection to collision frequency
since, for example, the Pedersen and Hall conductances are a
function of charged-neutral collision frequency.

[12] Semiannual patterns have been identified in magneto-
spheric, ionospheric, and tropospheric data, corresponding to
modification of medium properties from a few percent to
threefold. Semiannual variability of average density of neu-
trals integrated from the troposphere up to the thermosphere
is typically 2-3% (Figure 3). A similar periodicity is
observed in geomagnetic activity with ~20% peak-to-peak
amplitude variation in the Dst magnetic index [e.g., Russell
and McPherron, 1973]. However, semiannual oscillations
are stronger in thermospheric and ionospheric data. For
example, difference in atomic oxygen number density is
about 50% and TEC can reach a twofold variation. Annual
and semiannual patterns are also prominent in ground-based
ELF measurements, where the solstice to solstice and solstice
to equinox ratios of the Schumann resonance amplitude can
reach ~2.5 and ~1.5, respectively [Mdrcz et al., 1997].

[13] Semiannual patterns from the troposphere up to the
magnetosphere have been recognized for a long time, but
the mechanism (or mechanisms) responsible for these
patterns remains elusive. Depending on the geophysical data
set, several interpretations have been proposed and explored
to explain the periodicity. Some explanations involve celes-
tial mechanics, tilt of the magnetic dipole axis, and variations
in H" scale height in the plasmasphere induced by magneto-
spheric phenomena [e.g., Russell and McPherron, 1973].
Several models consider plasma and aeronomy processes
including variability of O" levels in the upper ionosphere,

chemical equilibrium levels of H in the topside ionosphere,
changes in production and loss rates in the upper ionosphere
where transport processes dominate, variation of ionospheric
neutrals composition, and asymmetric geographic distribution
in the ionosphere of production rate and loss of atomic oxygen
[e.g., Rishbeth and Setty, 1961; Fuller-Rowell, 1998;
Richards, 2001; Mikhailov and Perrone, 2011]. Other
models invoke aerodynamic processes in the atmosphere,
namely variation in mean tropospheric winds enabling a
gravity wave modulation of tidal amplitudes, and modifica-
tions in thermospheric neutral wind patterns due to local
heating [e.g., Hirota, 1980; Garcia et al., 1997; Mayr
et al., 1998]. Variations in oceanic and tropospheric hydro-
logical/thermodynamic parameters have been also proposed
to explain specific semiannual variations in the Earth gas-
eous envelope, namely Schumann resonance and light-
ning-related patterns [e.g., Williams, 1994; Nickolaenko
and Rabinowicz, 1995; Satori and Zieger, 1996; Sekiguchi
et al., 2006]. Orbital mechanics, for example, may give an
indication why N,,F, is lower in June than in December,
but a ~3% variation in the Sun-Earth distance, and conse-
quently ~7% in solar flux, is insufficient to explain a ~50%
change in electron density. Furthermore, orbital eccentricity
is consistent with an annual periodicity of N,/ but cannot
accurately explain the semiannual pattern. Multidisciplinary
approaches are therefore necessary to provide a complete
analysis of the impact of the semiannual periodicity in
the Earth environment, both from tropospheric and space
weather perspectives.

[14] A priori, the semiannual periodicity of the Schumann
resonance amplitude revealed by VEFI could be attributed
to seasonality of lightning, distance from the satellite to the
source, variability of ionospheric plasma, or characteristics of
wave propagation. To understand the nature of the Schumann
resonance semiannual variability identified in C/NOFS data,
we compare VEFI measurements with IRT and MSIS estimates
as a function of LT and DOY. Qualitatively, the main TEC
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Figure 4. Average amplitude of the electric field, £, of the
lowest Schumann resonance modes (first: red, second: green,
third: blue, and fourth: magenta) as a function of DOY,
derived from Figure 1. The black dotted curve represents
the reciprocal of average TECh computed from Figure 2 for
the range 195 LT.

morphological features of the ionosphere as a function of DOY
are similar to those derived from integrating the electron
content up to 400, 850km, or altitude of the satellite. Since
the electromagnetic source is located in the troposphere and
Schumann resonance features observed in the ionosphere are
linked to ionospheric plasma properties, we consider TECh
instead of TEC to provide a more suitable comparison with
VEFI measurements.

[15] Figure 4 shows the amplitude of Schumann resonance
and the reciprocal of TECh as a function of DOY. The
maximum-to-minimum ratio of the Schumann resonance
amplitude semiannual pattern is in the range 2.1-2.5 for
all the modes considered. Note a strong correlation between
1/TECh and the Schumann resonance modes. Comparison
between the same variables as a function of LT is presented
in Figure 5. The Schumann resonance amplitude in the
postmidnight sector is larger for the four modes, but there
is a ~2 h offset between modes 1-2 and 1/TECh calculated
from IRI. Several scenarios may contribute to explain such
offset. First, according to C/NOFS measurements, plasma
irregularities have been identified more frequently in the
postmidnight sector during 2008 and 2009 [e.g., Pfaff et al.,
2010]. For example, using a radio beacon on board C/NOFS;
Thampi et al. [2009] show significant spread-F taking place
in the altitude range 200—400 km at 1-3 LT. Second, similar
differences between IRI predictions and measurements are
also sometimes noticed in GPS measurements in the equatorial
ionosphere [e.g., Adewale et al., 2012]. Third, the oxygen
gyrofrequency falls in the ELF range and perhaps modifies
wave propagation conditions in the ionosphere. Fourth, perfor-
mance of IRI is worst at dawn during extreme solar minimum
conditions [Klenzing et al., 2011]. According to the amplitude
of Schumann resonance modes presented in Figure 5 and other
ELF phenomena (e.g., ionospheric Alfvén resonator and hiss
signatures) observed by VEFI [Simdes et al., 2012b], spectral
morphological transitions occur at about 20Hz, perhaps
related to the O gyrofrequency. From SR ground measure-
ments in California and Western Australia, Sentman and
Fraser [1991] observed a D region minimum height occurring

at approximately 1300-1400 LT. Although those measure-
ments refer to daytime conditions and the illumination condi-
tions are reversed, we can recognize a 1-2h lag in the
density peak, similar to that observed by C/NOFS during
nighttime conditions. A comparison of C/NOFS and ground-
based measurements with electron density derived from IRI
suggests plasma drifts and neutrals transport due to the Earth
rotation contribute to explain the offset. However, more elab-
orate analyses are necessary to identify and fully characterize
potential mechanisms.

[16] A comparison between Figures 3 and 4 shows signif-
icant correlation or anticorrelation among several physical
parameters. Specifically, the Pearson product-moment corre-
lation coefficient between the Schumann resonance ampli-
tude and 1/TECh, n,O, and p, is approximately 0.67,
—0.86, and —0.17, respectively; for reference, the critical
value of the Pearson product-moment correlation coefficient
for this sample is 0.3 with a level of significance of 10~°
(about 50), and correlation between Schumann resonance
modes is ~0.98. Although correlation with 1/TECh would
be expected since wave attenuation increases with the
electron content and electrical conductivity, a strong correla-
tion (anticorrelation, in this case) between the Schumann
resonance amplitude and number density of atomic oxygen
is somewhat surprising. This result suggests that acronomy
effects may play a fundamental role in the mechanism
responsible for the Schumann resonance semiannual pattern
observed in the equatorial ionosphere during nighttime.
Mikhailov and Perrone [2011] suggest that seasonal differ-
ences in daytime N,,F, solar activity variations are due to
specific roles that the neutral composition (O, O,, and N,)
and temperature play during solstices, and therefore the ob-
served seasonal difference in N,,F, cannot simply be reduced
to seasonal O/N, changes. Additionally, they also claim that
the December anomaly in N,,F», for example, is not purely a
daytime effect; global N,,F, increase also takes place during
the night when direct photoionization is absent, suggesting
that the present results may be pertinent, at least qualitatively,
to daytime conditions as well. Although increasing consider-
ably with solar activity, it has been reported that the absence
of significant seasonal differences in midlatitude daytime
N,,F> close to solar minimum [e.g., Sethi et al., 2002];
according to Schumann resonance, VEFI measurements are
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Figure 5. Same caption as in Figure 4 as a function of LT.
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not the case for the nighttime equatorial region between solar
cycles 23 and 24 under extreme solar minimum conditions.

[17] Contrasting VEFI measurements with ground-based
Schumann resonance records contribute to assessing robust-
ness of the present data set. First, it is important to emphasize
that the Schumann resonance amplitude variation observed
in the ionosphere as a function of DOY is not affected by
lightning geographic distribution because the equatorial
region is evenly sampled. Sdatori and Zieger [1996]
recorded the ELF electric field vertical component during
1993-1995 at the Nagycenk Observatory, Hungary, and
observed a semiannual variability of Schumann resonance
amplitude. The three modes reported show an amplitude
decrease with mode increase corroborating our results; the
third mode is not in phase with the lower modes but,
according to the authors of that study, its significance may
be limited. Subsequent work by Mdrcz et al. [1997] at the
same observatory shows Schumann resonance seasonal
variability in a better agreement with measurements in the
ionosphere. Although comparisons with ground-based mea-
surements must be made cautiously because the geographic
coverage is different, an important result is observation of
similar solstice to solstice and solstice to equinox ratios of
the Schumann resonance amplitude on the ground and in
the ionosphere. Comparison of the VEFI data set with
more recent, robust ground-based measurements would be
invaluable for investigating the cavity leakage mechanism
and ELF wave propagation in the ionosphere, as well as
constraining mechanisms proposed to explain the semiannual
patterns observed in tropospheric, ionospheric, and magne-
tospheric data. The observed plasma density alone is not
sufficient for explaining the cavity leakage, but the anisot-
ropy of the cavity must be considered as well [Madden
and Thompson, 1965]. Although medium parameterization
requires significant improvements, they predict a clear
day-night dichotomy regarding ELF wave propagation
conditions in the ionosphere.

[18] After assessing several tropospheric and ionospheric
phenomena showing semiannual periodicities, it is possible
to estimate their significance for the Schumann resonance
pattern observed on board C/NOFS. The amplitude of the
Schumann resonance modes in the ionosphere peaks during
the solstices, but Christian et al. [2003] found some evidence
that the semiannual cycle peaks near the equinoxes, with the
autumnal equinox dominating. Nevertheless, as shown in
Figure 4, the SR peaks are wider than that derived from the
reciprocal of average TECh. This result may also suggest a
contribution from global lightning activity, which reaches a
maximum in August. Lightning is more prevalent in the late
afternoon and over land [e.g., Christian et al., 2003], but
amplitude of the Schumann resonance modes is larger after
midnight and quite similar in the land and ocean sectors.
Conversely, a similar response observed in the Schumann
resonance amplitude and 1/TECh suggests that ELF wave
attenuation in the ionosphere is more pertinent than lightning
intensity and distribution inside the cavity. The most interest-
ing result is perhaps the significant anticorrelation between
the number density of atomic oxygen and the Schumann
resonance periodicity, as well as the contrast between modes
1-2 and 34 in the postmidnight sector. Since neutral number
density (via collision frequency) and ion composition are
relevant to estimate the Pedersen and Hall conductivities

[Madden and Thompson, 1965], these results may be useful
to investigate the leakage mechanism by providing a better
assessment of the medium anisotropy. In addition to accurate
modeling of wave propagation conditions in the ionosphere,
it is important to understand the extent of the contribution by
lightning toward the observed SR semiannual periodicity.
Future studies will investigate how the spatial and temporal
distribution of lightning influences the resultant SRs in a
given ionospheric cavity.

4. Conclusion

[19] Detection of Schumann resonance signatures in the
equatorial ionosphere offers remote sensing capabilities to
investigate atmospheric electricity as well as ELF wave prop-
agation in the ionosphere. Analysis of AC electric field mea-
surements gathered by the VEFI instrument on the C/NOFS
satellite reveals a semiannual pattern in Schumann resonance
data. The main Schumann resonance spectral features are (i)
presence of a semiannual periodicity, (ii) larger amplitude
during northern summer solstice, (iii) significantly larger am-
plitude in the postmidnight sector, (iv) amplitude decreasing
with the cavity modes—misplacement between modes three
and four is an exception, (v) similar amplitude variability
through DOY for the lowest four modes, and (vi) similar ampli-
tudes over the land and ocean longitude sectors. Additionally,
correlation of Schumann resonance semiannual patterns
with the reciprocal of TECh and number density of atomic
oxygen seems particularly relevant. These results suggest
that the Schumann resonance amplitude semiannual vari-
ability is mainly driven by plasma properties and wave
propagation in the ionosphere rather than by lightning distri-
bution. Modeling cavity leakage of ELF waves is important
for providing quantitative assessments of the SR semiannual
pattern, and possibly to identify and characterize the mecha-
nisms that generate such periodicity. Although significant im-
provements are necessary to bring models and C/NOFS data
to an agreement, the studies by Grimalsky et al. [2005] and,
notably, Madden and Thompson [1965] offer a reasonable
starting point for modeling ELF wave propagation in the ion-
osphere. A complete description of the mechanism responsible
for the semiannual oscillation detected in multiple geophysical
records—from the troposphere up to the magnetosphere—
remains elusive. The pattern observed in the Schumann
resonance amplitude is expected to help validate—or at
least constrain—potential mechanisms previously proposed
to explain the semiannual oscillation.
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